Lipid droplet biogenesis, accumulation and secretion is an important field of research spanning 21 biofuel feedstock production in algae and yeast to plant-microbe symbiosis or human metabolic 22 disorders and other diseases. Here we evaluate the critical elements that influence lipid 23 accumulation in the highly simplified and smallest known eukaryote Ostreococcus tauri and 24 identify several conditions that satisfy its classification as an oleaginous green alga. In addition, 25 these experiments revealed the release of excess lipids in pea-pod like structures where many 26 dense lipid droplets are clustered in a linear fashion surrounded by an enveloping membrane 27 which contrasts with known mechanisms from other eukaryotes. These results highlight the 28 potential for Ostreococcus tauri to probe the evolution of lipid droplet dynamics as an emerging 29 model organism with a compacted eukaryotic genome and also to impact lipid feedstock 30 bioproduction applications either directly or using synthetic biology. 31 32 Keywords: microalgae, bioenergy, lipid droplet, soft x-ray nanotomography, bioimaging, carbon 33 energy, nitrogen, nitrate, phosphate, mamiellophyceae, prasinophytes, 34
disorders and other diseases. Here we evaluate the critical elements that influence lipid 23 accumulation in the highly simplified and smallest known eukaryote Ostreococcus tauri and 24 identify several conditions that satisfy its classification as an oleaginous green alga. In addition, 25 these experiments revealed the release of excess lipids in pea-pod like structures where many 26 dense lipid droplets are clustered in a linear fashion surrounded by an enveloping membrane 27 which contrasts with known mechanisms from other eukaryotes. These results highlight the 28 potential for Ostreococcus tauri to probe the evolution of lipid droplet dynamics as an emerging 29 model organism with a compacted eukaryotic genome and also to impact lipid feedstock 30 bioproduction applications either directly or using synthetic biology. 31 copper contaminated seawater 6 . Under standard growth conditions, the cell dimensions are 48 around 0.8-1.0 micron in thickness and about 1.0-1.4 microns in diameter and this houses a 49 highly simplified ultrastructure with a single nucleus, chloroplast and mitochondrion while 50 lacking both a cell wall and flagella 7 . O. tauri also has a highly compacted genome with just 51 under 8,000 genes 8, 9 . The simplified state of both the cell architecture and its genome, combined 52 with published protocols for genetic tractability have positioned O. tauri as an emerging model 53 organism that has already informed mechanistic details underlying circadian rhythm, cell 54 division, and modeling kinome networks [10] [11] [12] [13] . We posited that the compact nature of O. tauri 55 could also reveal new insights to lipid droplet dynamics. 56
In many eukaryotes, lipid accumulation is inducible by modulating light intensity, altering 57 temperature, pH, salinity or nutrient availability [14] [15] [16] . For example, different algae species have 58 been shown to trigger neutral lipid (NL) accumulation upon iron, phosphorous, silicon 59 (specifically for diatoms), sulfur and nitrogen nutrient starvation [17] [18] [19] [20] [21] . However, like many 60 biological processes that evolved across diverse microorganisms, the precise mechanisms 61 underlying NL accumulation (specifically triacylglycerols) due to nutrient availability varies 62 widely and in many cases, remains obscure 15, 22, 23 For simplicity, we primarily focused this study on evaluating the effects of each major 75 component in O. tauri's standard growth media as nutrient starvation has typically yielded the 76 highest levels of triacylglycerol feedstocks in other microalgae, diatoms and fungi. The 77 simultaneous and complete depletion of both forms of available N (ammonium and nitrate) 78 present in K media, induced NL production ( Fig. 1 ) similar to previous reports 14, 27 . Interestingly, 79 media containing only nitrate as the bioavailable N source grew normal to the standard K media 80 and had elevated but diffuse lipid signal. Whereas media containing only ammonium resulted in 81 discrete lipid droplet formation, but to a lesser extent compared to total N deficient media. 82
Phosphorous deprivation also triggered detectable NL accumulation while removal of sulfur and 83 iron from Keller media exhibited minimal to no increases in lipid production and showed 84 relatively normal growth (Fig. 1) . As reported in other organisms, lowered total biomass yields 85 were observed for simple N and P depletion. 86 Since complete N starvation showed elevated levels of NL accumulation, we evaluated the 87 impact of variable N availability. Discrete lipid droplets were first detected in cells exposed to 88 media lacking 80% of normal total N levels (Supp. Fig. 1 ). Further decreasing N availability led 89 to less total biomass and lowered chlorophyll autofluorescence but increased the size and number 90 of detected lipid droplets as well as cell size. Based on a trade-off between biomass and lipid 91 yields, removal of 90% and 100% of normal N concentration were identified as favorable 92 baselines for single nutrient starvation conditions. Given that complete removal of P from themedia also showed elevated NL accumulation, albeit significantly less than simple N 94 deprivation, we explored whether the simultaneous depletion of both N and P could increase LD 95 feedstocks further. Variable levels of P starvation using K media deprived of 90% N as the base 96 were compared (Sup. Fig. 2 ) and discrete LDs were first detected in cells grown in media lacking 97 60% of normal P levels. LD content increased with more severe starvation. 98
Although the increased lipid signal upon concurrent N and P starvation was intriguing, we 99 also considered that the removal of the sole P present in the K media (beta-glycerol phosphate 100 (bGP)) could also potentially deplete a bioactive form of glycerol. While O. tauri was expected 101 to be a photoautotroph, other microalgae have been found to grow on glycerol as a carbon source 102 28 . Per its annotated genome, O. tauri lacks any pathway for direct utilization of glycerol-2-103 phosphate or annotated genes for bGP uptake. However, we discovered the presence of an 104 alkaline phosphatase gene (Ot10g02060) in the KEGG database that likely participates in the 105 folate biosynthesis pathway 29 . We hypothesized that O. tauri could potentially utilize the same 106 alkaline phosphatase to enzymatically cleave phosphate from bGP extracellularly and 107 subsequently generate pools of bioavailable P and glycerol that could each be taken up by the 108 cell. To test this, we supplemented increasing levels of glycerol into our cell cultures while 109 simultaneous depleting bGP in the K-90%N and K-100%N media. We found that increasing the 110 glycerol concentration up to 50mM (well beyond that of normal bGP concentrations), resulted in 111 significant increases of intracellular lipids while showing elevated (not depressed) biomass 112 yields ( Fig. 2 & Supp. Fig. 3 ). Beyond 50mM glycerol slower biomass accumulation is seen 113 which likely results from detrimental osmotic effects impacting cell viability. While the 114 bioimaging data clearly showed a dramatic increase in total lipid content, we also quantified the 115 best lipid production condition from this screen. We subjected the cultures grown in K-100%N, 116
60%bGP+20mMglycerol to conventional lipid extraction protocols. These conditions yielded 118 total lipid content (dry lipid weight / dry biomass weight) of 24.7%, 25.7%, 31.2% and 30.8% 119 respectively. Although the total lipid content appears similar for these conditions, it should be 120 noted that the dry biomass total weight for the K-90%M-60%bGP+50mMglycerol was 146% 121 that of K-100%N. The measured lipid content for both the K-90%M-60%bGP+50mMglycerol 122 and K-90%M-60%bGP+20mMglycerol conditions surpass the 30% threshold for classification 123 as a high-lipid content or oleaginous organism after only 4 days of starvation.Surprisingly, bioimaging experiments also uncovered a previously unreported mechanism for 125 lipid droplet extrusion. Eukaryotes typically release individual LDs if they release/secrete the 126 LDs at all 30, 31 . Initially, confocal experiments described above revealed conditions in which 127 "pea-pod" like structures were present in the culture. These structures stained positive for NL 128 and phospholipid but did not possess any chlorophyll autofluorescence (Fig. 3) . Staining of 129 nucleic acids with Hoechst labeling also failed to label nucleic acid in these pea-pod structures 130 but did stain the nucleus of normal O. tauri cells. Similarly, the use of label-free Stimulated 131
Raman Scattering microscopy on the same cells (tuned to a common nucleic acid peak at 1093 132 cm -1 ) again failed to identify any nucleic acid signatures in the pea-pod structures (Fig. 3) . 133
A few of the confocal image sets showed evidence of oriented lipid droplets in blebs still 134 fused to the main O. tauri cells (Fig. 4a) . Thus, it seemed plausible that the free-floating pea-pod 135 structures originated from O. tauri, and were probably formed through a concerted cell blebbing 136 and unknown extrusion mechanism where clustered lipid droplets were released into solution 137
surrounded by an enclosing outer phospholipid membrane. This sloughing mechanism does not 138 appear related to cell death as longer incubation periods show continued biomass increases and 139 stable chlorophyll per cell ratios. Additionally, although a variable lag time is present, all 140 cultures tested here showed the ability to recover normal growth following a batch dilution into 141 normal K media (Supplemental Figure 4) . 
Materials and Methods 174

Media, strain maintenance, growth and starvation conditions 175
O. tauri cell cultures were obtained from the Roscoff Culture Collection (RCC745); 176 strain name: OTTH0595, which has been fully sequenced 8 . Cultures of RCC745 were cultured 177 in Keller media or respective K media with or without specified nutrients to create defined media 178 conditions 24 . All K media based culture conditions were prepared in fresh artificial seawater 179 (ASW) with defined amounts of nutrients. Our defined media conditions include nitrogen and 180 elemental starvation and in some cases supplementation with excess carbon in the form of 181 glycerol. The defined conditions for nitrogen limitation are straight forward, using the base K 182 media by limiting nitrogen sources and supplementing with percent molar amounts of both 183 ammonium and nitrate to create a gradient survey (-100, -90, -80, -60, -20 and -0%) of 184 limiting nitrogen, whereas our -0% has no nitrogen removed from normal K media and -100% 185 has no ammonium or nitrate sources present. Defined conditions for elemental starvation was 186 carried out by first growing the cells to mid to late log phase in normal K media then gently 187 centrifuging cultures, washing and suspending them into defined K media that was prepared 188 without specific sources of the following -Fe, -S, -Mg, -β-glycerophosphate (-BGP) calibrated to 3.6 side scatter 10 mins before running our sample measurements in defined media 213 cultures. We plotted the fluorescence intensity of neutral lipid and phospholipid fluorescence 214 intensity at specific time points in scatter plots to demonstrate population dynamics for each 215 sample condition at 72 hours into starvation. We used standard K media as a control for normal 216 conditions and nominal lipid staining for comparison to high lipid content conditions. 217 were pulled and assembled as described previously 32 . Soft x-ray tomographic imaging was 248 carried out on cryopreserved specimens to mitigate the effects of radiation damage and prevent 249 movement of fine structural details during data acquisition 33, 34 . Prior to imaging, cells were 250 pelleted to a high titer and loaded into tapered specimen capillaries (~5-6 µm in diameter at the 251 tip) using a standard micropipette. Once loaded into capillaries, cells were immediately 252 cryopreserved by rapid plunging into liquid propane using a custom fast-freezing apparatus. 253
Cells were mixed with 6µm beads to maintain cellular integrity during crypreservation. Frozen 254 specimens were cryo-transferred into custom storage boxes using a home-built cryo-transfer 255 device and stored in liquid nitrogen. 
Quantification of Cell Biomass and Small Batch Lipid Extraction 280
Cell cultures were grown and resuspended into starvation and/or supplementation conditions and 281 allowed to incubate for 72 hours before cell density measurements and harvesting. We harvested 282 and partially dried whole culture content using 0.45 micron PVDF filters (Merck Millipore, 283 USA) with a vacuum pressure at 25 psi. We dried the cell biomass before weighing on an 284 analytical balance by using a turbo pump to pull a vacuum down to 25 inHg. The dry weight of 285 each filter was obtained before and after filtration of cell biomass to measure total cell dry 286 weights of each culture. We placed each dried filter with cells and material attached into glass 287 tubes for lipid extraction. The lipid extraction followed a modified procedure prescribed by 
